Objective. Malondialdehyde-acetaldehyde (MAA) adducts are a product of oxidative stress associated with tolerance loss in several disease states. This study was undertaken to investigate the presence of MAA adducts and circulating anti-MAA antibodies in patients with rheumatoid arthritis (RA).
highly reactive aldehydes, and together have been demonstrated to modify proteins to produce an MDA-AA protein adduct, termed malondialdehyde-acetaldehyde (MAA). In contrast to MAA adducts, which are highly immunogenic and characterized by a stable ring structure (7, 8) , MDA and AA by themselves are relatively unstable and either rapidly dissociate or form other metabolic products (9, 10) .
Although there have been no studies examining the role of MAA in rheumatoid arthritis (RA), several investigations have shown that the levels of oxidative stress, including expression of MDA, are increased in patients with RA (11) (12) (13) (14) . Compared to healthy controls and patients with osteoarthritis (OA), patients with RA have higher levels of circulating MDA (15) . Moreover, compared to patients with seronegative RA, both circulating and synovial levels of MDA are increased in those with seropositive disease (16) .
Although little is known about MAA adducts in RA, they are overexpressed in a variety of diseased tissues, act as immunodominant epitopes, and promote robust inflammatory responses (17) . Previous studies have demonstrated that MAA-modified proteins elicit isotype-specific antibody responses and induce the expression of proinflammatory cytokines, including tumor necrosis factor ␣ (TNF␣), intracellular adhesion molecule 1, and vascular cell adhesion molecule (2, 18) . Animal studies have demonstrated that immunization with MAA-modified bovine serum albumin in the absence of adjuvant induces robust antibody, T helper cell, and cytotoxic T cell responses to MAA epitopes-all furthering the belief that MAA has a causal relationship with immunologic responses (7, 19, 20) . Additional studies have shown that MAA adducts are immunogenic even in the absence of adjuvant (7), and their presence results in adaptive immune responses to the carrier protein itself, thereby bypassing tolerance (21) .
In this study, we examined whether MAA was present in RA synovium, and if so, whether MAA adducts potentially mediate the initiation and/or progression of related immune responses. Furthermore, given the proposed role of MAA modification in tolerance loss, we examined whether anti-MAA antibody responses could serve as a marker of increased diseasespecific autoantibody responses in patients with RA.
PATIENTS AND METHODS
Study subjects. To determine whether MAA is present in RA synovium, we examined synovial tissue samples from 3 patients with RA who were positive for anti-cyclic citrullinated peptide (anti-CCP) antibodies and from 3 patients with OA obtained at the time of total joint arthroplasty (all tissue samples obtained from the laboratory of Dr. Robinson at Stanford University). Serologic analyses were performed using data and serum samples from patients with RA in the Veterans Affairs Rheumatoid Arthritis (VARA) registry (22) . The registry has received institutional review board approval, and all patients provided written informed consent prior to enrollment. This study was also approved by the VARA Scientific and Ethics Advisory Committee.
All participants with RA satisfied the American College of Rheumatology 1987 classification criteria for RA (23) . To examine whether circulating concentrations of anti-MAA antibodies were higher in the context of RA, we also performed assays on banked samples from a convenience cohort of 80 volunteer controls. The control subjects were individuals who reported no systemic inflammatory diseases, including RA, and all but 4 of the control subjects reported good-toexcellent overall health status (24) .
Chemicals, proteins, and antibodies. Aqueous human albumin was purchased from Talecris Biotherapeutics. AA was obtained from Aldrich Chemistry. MDA was obtained in sodium salt form by treatment of tetramethoxypropane (Aldrich Chemistry) with NaOH, according to the method described by Kikugawa et al (25) . Phytic acid (PA) and diethylenetriaminepentaacetic acid (DTPA) were obtained from Sigma. For detection of citrullinated proteins, the anticitrulline monoclonal antibody F95 was used. This anticitrulline antibody is a mouse IgM antibody that has been shown to react with all citrullinated proteins (26) . The anti-MAA polyclonal antibody used was developed in our laboratories. This antibody is a rabbit IgG antibody that has been shown to react with the 1,4-dihydropyridine adduct formed when MDA and AA are present (27) .
Preparation of modified proteins. In order to evaluate the specificity of antibody responses to citrullinated or MAAmodified structures, aqueous human albumin was used, in the following forms: unmodified Alb ϭ no modification; Alb-Cit ϭ citrullinated albumin; Alb-MAA ϭ MAA-modified albumin; Alb-Cit-MAA ϭ albumin citrullinated and then MAA modified. Albumin was citrullinated using rabbit skeletal muscle peptidylarginine deiminase (Sigma), as previously described (28) . Verification of citrullination, resulting in the formation of Alb-Cit and Alb-Cit-MAA, was determined by enzyme-linked immunosorbent assay (ELISA) using the anticitrulline monoclonal antibody (26) . Albumin was adjusted to 2 mg and modified by reacting with 2 mM MDA and 1.0 mM AA in 0.1M phosphate buffer, pH 7.2, containing 2 mM DTPA and 2 mM PA, at 37°C for 3 days, followed by dialysis against 3 changes of 0.1M sodium phosphate buffer for 24 hours at 4°C (8) . Alb-MAA and Alb-Cit-MAA were assayed for modification by the amount of fluorescent MAA adduct present (excitation wavelength 398 nm and emission wavelength 460 nm) using a Turner Biosystems LS-5B spectrofluorimeter.
Immunohistochemical staining of synovial tissue. Synovial tissue was collected from 3 RA patients and 3 OA patients, as described above, and placed in OCT compound. Frozen sections were prepared and blocked with normal goat serum. The sections were stained for the presence of MAAmodified proteins using the MAA-specific rabbit polyclonal antibody. In addition, the sections were stained for citrulli- 646 THIELE ET AL nated proteins using the citrulline-specific mouse IgM monoclonal antibody, and stained for leukocytes using a rat IgG2b anti-CD45 monoclonal antibody (AbD Serotec). The specific reactivity of the anti-MAA and anticitrulline antibodies in binding MAA-modified protein or citrullinated protein, respectively, has been well documented (26, 27) . These antibodies were chosen to ensure that the labeled secondary antibodies specifically reacted with the primary antibodies. Briefly, all antibodies were diluted 1:100 and incubated with the synovial tissue sections overnight at 4°C. Sections were washed and incubated with the following secondary antibodies (all diluted 1:1,000; Jackson ImmunoResearch): tetramethylrhodamine isothiocyanate-conjugated AffiniPure goat anti-mouse IgM (5 Fc fragment-specific) to detect the anticitrulline antibody, Dylight 405-conjugated AffiniPure goat anti-rabbit IgG (Fc-specific) to detect the anti-MAA antibody, and Dylight 649-conjugated AffiniPure mouse anti-rat IgG (Fc-specific) to detect the anti-CD45 antibody. After incubation for 45 minutes at room temperature, the slides were washed, mounted, and imaged using a Zeiss 510 Meta confocal laser scanning microscope. All images were analyzed using Zen 2012 software (Zeiss). Image quantification was done using ImageJ software (National Institutes of Health). Results are expressed as the mean Ϯ SD pixel density.
Characteristics of patients with RA. The VARA registry includes standardized clinical data obtained from patients during routine care. Enrollment variables include RA classification criteria, comorbidities, cigarette smoking status (never, former, or current), sociodemographic features (education, race/ ethnicity, age, sex), body mass index, date of RA diagnosis, and medication use (including prednisone, methotrexate, and anti-TNF␣ therapy). Anti-citrullinated protein antibodies (ACPAs) were measured in banked serum samples at baseline using a second-generation anti-CCP antibody ELISA (cutoff for positivity Ն5 units/ml) (Diastat; Axis-Shield Diagnostics). Rheumatoid factor (RF) positivity (cutoff for positivity Ն15 IU/ml) and high-sensitivity C-reactive protein levels (in mg/ liter) were determined by nephelometry (Siemens Healthcare Diagnostics). Additional measures collected at enrollment included the tender and swollen joint counts (range for each 0-28) and the erythrocyte sedimentation rate (ESR; in mm/ hour). The 4-variable Disease Activity Score in 28 joints (DAS28) (29) was used to assess levels of disease activity.
Determination of circulating antibodies to MAA. Serum samples from all RA patients were screened for the presence of the IgM, IgG, and IgA isotypes of anti-MAA antibodies, as previously described (17) . Briefly, aqueous human albumin was modified with MDA and AA (ratio of 2:1) (27) . ELISA plates were coated with 2 g/well of either MAA-Alb or unmodified Alb. Additional wells were coated with known concentrations of human IgM, IgG, or IgA isotype standards (Sigma), from which the relative antibody concentrations were extrapolated. Plates were incubated overnight at 4°C and then washed, blocked with 2% bovine serum albumin, and incubated with patient serum at a 1:1,000 dilution. Following incubation at 37°C for 1 hour, a secondary horseradish peroxidase (HRP)-conjugated goat anti-human antibody specific for IgM (5 Fc fragment-specific), IgG (Fc␥-specific), or IgA (␣-chain-specific) (Jackson ImmunoResearch) was added. Plates were developed using tetramethylbenzidine (TMB) substrate, and the absorbance at 450 nm was determined using an MRX II microplate reader (Dyantech). Data are presented as arbitrary units (AUs) of the specific isotype detected in the assay, since this reflects the amount of antibody present in a sample relative to a standard curve.
Determination of cross-reactivity by ELISA. Crossreactivity between the anti-MAA and anti-CCP assays was assessed. For these experiments, 96-well Immulon IV microtiter plates (Nunc; Fisher Scientific) were coated with 2 g/well unmodified Alb, Alb-Cit, Alb-MAA, or Alb-Cit-MAA in bicarbonate buffer (pH 9.6), as previously described (7). The rabbit anti-MAA antibody and the mouse anticitrulline antibody were each diluted 1:1,000, yielding a reactivity to their matching antigen of 1.5 optical density (OD). This reactivity represents the dilution that results in one-half maximum binding in our ELISAs. Similar dilutions of 5 patient samples from each of the following 3 groups were also prepared; anti-MAA-positive/anticitrulline-negative, anti-MAA-negative/anticitrulline-positive, or anti-MAA-positive/ anticitrulline-positive. In a separate incubation plate, these samples were incubated at 4°C overnight with 2-fold dilutions of phosphate buffered saline (PBS), Alb-Cit, or Alb-MAA (starting at 500 g/well). These samples were then transferred to coated plates that had been washed 3 times with PBSTween, and incubated at 37°C for 45 minutes. Plates were washed in PBS-Tween and a secondary antibody (HRPconjugated goat anti-rabbit IgG for anti-MAA, HRPconjugated rabbit anti-mouse IgM [5 Fc fragment-specific] for anticitrulline) or HRP-conjugated goat anti-human IgG was added (1:2,000), followed by incubation at 37°C for 45 minutes. The plates were washed and TMB substrate was added. Color changes were monitored on an MRX II microplate reader (Dynatech) at 450 nm. The results, expressed as the mean percentage of activity in the 5 samples in the presence or absence of inhibition, were calculated following subtraction of the values for nonspecific activity in incubations with unmodified Alb, as follows: % activity ϭ (OD in the presence of the inhibitor/OD in the absence of the inhibitor) ϫ 100.
Additional experiments were undertaken to evaluate whether the anti-MAA and/or anticitrulline antibodies reacted with the standard anti-CCP antibody test. The rabbit anti-MAA and mouse anticitrulline antibodies were tested using a Diastat human anti-CCP antibody kit (Axis-Shield Diagnostics). For these studies, the kit was run according to the manufacturer's directions, with the following changes. Rabbit anti-MAA and mouse anticitrulline antibodies were diluted 1:1,000 and substituted for human serum. Plates were washed in PBS-Tween, and a secondary antibody (HRP-conjugated goat anti-rabbit IgG for anti-MAA, HRP-conjugated rabbit anti-mouse IgM [5 Fc fragment-specific] for anticitrulline) was added (each diluted 1:2,000) to the appropriate wells, followed by incubation at 37°C for 45 minutes. The plates were developed and color change was measured on an MRX II microplate reader. To maintain consistency in the kit, the human standard was used to determine the relative concentration of the anti-CCP antibodies (21, 30) .
Measurement of antigen-specific ACPAs. Serum samples from RA patients were evaluated for 19 specific ACPAs, in addition to native (unmodified) fibrinogen, using a beadbased multiplex antigen array on the BioPlex platform, as previously reported (31, 32) . This array measures diseasespecific autoantibody reactivity to multiple citrullinated autoantigens. To assess whether immune responses to MAA are associated with the magnitude of epitope spreading, we examined the number of ACPA-positive analytes, with the threshold for positivity defined as 2 SD above the mean value for all RA patients. We then calculated an ACPA score, defined as the sum of normalized fluorescence values divided by the number of analytes examined (19 ACPAs).
Statistical analysis. Descriptive statistics are shown as the mean Ϯ SD or the frequency with corresponding percentage. Given the skewed distribution of the values, anti-MAA antibody isotypes were log-transformed. To account for confounding from sociodemographic features and health behaviors in the comparisons of anti-MAA antibody isotypes, RA patients were matched to available healthy control subjects at a case:control ratio of 1:1, on the basis of age (Ϯ5 years), sex, race, and smoking status. There were 2 controls for which a suitable match to an RA patient was not available, limiting the comparison to 80 patients and 80 controls. A 2-sample t-test was used to compare log-transformed anti-MAA isotype concentrations by case and control status. Spearman's correlation coefficients were calculated to examine associations of the different isotype values in RA patients. The associations of anti-MAA isotype concentrations with RA patient characteristics were then examined using unadjusted ordinary least squares regression.
To further examine whether the relationships between anti-MAA isotype concentrations and positivity for RF and anti-CCP antibodies were independent of other covariates, we also performed multivariate ordinary least squares regression analyses with inclusion of all factors that were significant (P Ͻ 0.05) at the univariate level. Given the high expected concordance between an RF-positive status and anti-CCP-positive status in the RA patients, models including the RF status excluded the anti-CCP status, and models including the anti-CCP status excluded the RF status. Given the skewed distribution of the data, joint counts for regression models were dichotomized into 0 tender or swollen joints and Ն1 tender or swollen joints, with comparisons examining the impact of having a joint count Ͼ0. Continuous joint counts are reported for descriptive purposes. Associations of anti-MAA antibody concentrations with clinical measures in these analyses are presented as beta coefficients with corresponding P values. The beta coefficient represents the mean log change in anti-MAA antibody concentration associated with a unit change in a given clinical variable.
Significance Analysis of Microarrays (SAM) (32, 33 ) was used to analyze multiplex ACPAs among RA patients who were positive for anti-CCP antibodies, to identify differences in specific ACPA profiles associated with anti-MAA isotype concentrations, categorized into tertiles. We then compared the number of ACPA-positive analytes in addition to ACPA scores based on quintiles of anti-MAA antibody concentrations using one-way analysis of variance, before proceeding to multivariable analyses using analysis of covariance. Covariates in these models included sociodemographic and health-related factors, in addition to RA disease duration. The results of SAM analyses were sorted based on false discovery rates, in order to identify antigens with the greatest differences in autoantibody reactivity. Hierarchical clustering software (Java Cluster version 3.0) was used to arrange the SAM results according to similarities among autoantibody specificities, with SAM scores displayed as a heatmap using Java Treeview software (version 1.1.3). Additional analyses were completed using the Stata (version 12; StataCorp) and SAS (version 9.3) programs.
RESULTS
Synovial tissue samples from 3 RA patients and 3 OA patients were stained for the presence of MAAmodified and citrullinated proteins. As indicated in Figure 1A (blue staining of a representative sample from an RA patient), MAA-modified proteins were detected antigen at an OD of Ͻ0.053, which was determined to be 2 SD above the mean value in negative controls. † Reactivity was significantly lower (P Ͻ 0.05) following incubation with the indicated inhibitor.
in the RA synovial tissue. Citrullinated proteins (green staining; Figure 1B ) and CD45 (red staining; Figure 1C ) were also detected. When these images were merged, independent localization and colocalization of all 3 proteins were evident (purple staining; Figure 1D To evaluate the specificities of the ACPAs and anti-MAA antibodies, cross-reactivity between the anti-MAA and ACPA assays was evaluated. As shown in Table 1 , there was no evidence of cross-reactivity between antibodies to MAA and antibodies to citrullinated proteins. In summary, these data convincingly demonstrated that MAA and citrullinated epitopes represent distinct antibody targets.
In subsequent serologic analyses, serum samples from 1,720 RA patients and 80 healthy volunteer controls were assessed. RA patients included predominantly men (91%) and older patients (mean age 63 years), with the majority of patients reporting Caucasian race (78%) * Models evaluated cross-sectional associations between rheumatoid arthritis (RA) patient characteristics (independent variables) and antimalondialdehyde-acetaldehyde (anti-MAA) antibody isotype concentrations (log-transformed for analysis) (dependent variables). Joint counts are modeled as a dichotomous indicator (joint count 0 versus Ͼ0). The erythrocyte sedimentation rate (ESR) was also log-transformed for analysis. RF ϭ rheumatoid factor; anti-CCP ϭ anti-cyclic citrullinated peptide; DAS28 ϭ Disease Activity Score in 28 joints; CRP ϭ C-reactive protein.
† Values are the beta coefficient (P value).
( Table 2 ). On average, RA patients had longstanding disease, were predominantly seropositive (78% positive for anti-CCP antibodies), and had moderate disease activity as reflected by the DAS28 (mean Ϯ SD 3.9 Ϯ 1.6). There were moderate and statistically significant correlations between individual anti-MAA isotype concentrations among the RA patients (r ϭ 0.48-0.58, P Ͻ 0.001).
We compared anti-MAA antibody isotype concentrations among 80 randomly selected RA patients and 80 controls matched for age, sex, race, and smoking status. As expected, there were no differences between patients and controls in age (each mean age 51 years), sex (each 78% women), race (each 90% Caucasians), or smoking (each 41% ever smokers). As shown in Figure  2 , the log-transformed concentrations of anti-MAA antibody isotypes (IgA, IgG, and IgM) were universally higher among RA patients compared to controls (P Ͻ 0.001 for all comparisons), regardless of whether patients were positive or negative for anti-CCP.
In analyses defining isotype positivity as a concentration Ն2.5 SD above the mean value in controls, we examined the frequency of anti-MAA antibody isotype positivity in all RA patients with available data (n ϭ 1,720). The prevalence of anti-MAA antibody positivity for each isotype was consistently higher among anti-CCP-positive RA patients compared to anti-CCPnegative RA patients (76% versus 63% for IgA [P Ͻ 0.001]; 93% versus 88% for IgG [P ϭ 0.003]; 41% versus 29% for IgM [P Ͻ 0.001]). Positivity for all 3 anti-MAA antibody isotypes was observed in 38% of anti-CCPpositive RA patients and 26% of anti-CCP-negative RA patients, compared to none of the control subjects.
Cross-sectional associations of anti-MAA antibody isotype concentrations with RA patient factors are summarized in Table 2 . Of note, both the IgA and IgG anti-MAA isotypes were found in higher concentrations among non-Caucasians than among Caucasians. Only the IgA isotype was found at higher levels among men. Compared to never smoking, current smoking was asso- ciated with higher serum concentrations of the IgM anti-MAA isotype, but not the IgA or IgG isotypes. The concentrations of both the IgA and IgM anti-MAA isotypes were increased with every added year of RA disease duration. In contrast, both hyperlipidemia and cardiovascular disease were associated with higher circulating levels of only the IgG anti-MAA isotype. With regard to measures of disease activity and severity, all 3 isotypes were significantly associated with the presence of subcutaneous nodules, autoantibody positivity (both RF and anti-CCP antibodies), and the ESR.
To further examine whether the associations of RF and anti-CCP antibody status with anti-MAA antibody concentrations were independent of other factors, we examined these associations using multivariate regression analysis. Following multivariate adjustment, RF positivity remained significantly associated with all 3 anti-MAA antibody isotypes (P Յ 0.006). In separate multivariable models, anti-CCP antibody positivity remained significantly associated with both IgA (P ϭ 0.004) and IgG (P ϭ 0.001) anti-MAA isotypes, whereas its association with IgM (P ϭ 0.11) was attenuated and no longer significant (data not shown).
Given the significant associations of the anti-MAA antibody isotypes with anti-CCP antibody positivity at baseline and previous data showing associations with tolerance loss (7, 21) , we examined the associations of these isotypes with the expression of antigen-specific ACPAs, the number of positive ACPA analytes, and the total ACPA score. Multiple ACPAs recognizing several distinct citrullinated antigens were overexpressed among those RA patients with higher anti-MAA antibody concentrations; these findings were consistent across the isotypes, as demonstrated in the heatmap shown in Figure 3 . Of the 19 antigen-specific ACPAs examined (including anti-CCP antibodies), 13 demonstrated increased expression that was associated with a higher concentration of one or more anti-MAA antibody isotypes. The number of positive ACPA analytes and the total ACPA score were each significantly higher (P Ͻ 0.001 for each) among anti-CCP antibody-positive RA patients with higher concentrations of the circulating IgG anti-MAA antibody isotype (Figure 4) . Similar results were observed with regard to both the IgA and IgM anti-MAA isotypes (see Supplementary Figure 2 , available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/art.38969/ abstract). The association of all 3 anti-MAA antibody isotypes with the number of positive ACPA analytes and total ACPA score remained significant following multivariable adjustment (data not shown).
DISCUSSION
In this study, we found that MAA adducts are present to a greater extent in RA synovium relative to synovium from patients with OA. MAA adducts independently localize and, more importantly, colocalize with citrullinated proteins in the inflamed synovial tissue of RA patients, but not in the synovial tissue of OA patients. For the first time, we have demonstrated that anti-MAA antibody isotype responses are strongly correlated with ACPA seropositivity in patients with RA. Taken together, these data suggest that MAA modifications to RA-related neoantigens could play an important role in tolerance loss and the subsequent generation of immune responses in RA.
Similar to posttranslational deimidation (citrullination) (34) , MAA modification of antigens is, in itself, not specific to RA. MAA adduct formation has now been demonstrated in numerous inflammatory disease states, including cardiovascular disease, alcoholic liver disease, and smoking-related lung injury (1, 2, 4, 35) . In addition to being overexpressed in the diseased synovium of patients with RA, MAA has been preliminarily demonstrated in atherosclerotic plaque, and antibody isotype responses to MAA have been found to correlate with the progression of cardiovascular disease in non-RA populations (36) .
Whether the presence of MAA adducts and increased formation of anti-MAA antibodies could explain, in part, the excess burden of cardiovascular disease in RA is unknown. Speculation in this regard is supported by the higher concentrations of IgG antibodies to MAA observed among RA patients with known cardiovascular disease, as well as higher IgM anti-MAA antibody concentrations observed among cur- rent smokers, a potent risk factor for heart disease. Cigarette smoke contains AA, a key substrate in MAA formation (1) . Although this is beyond the scope of this study and the available data, the question of whether MAA and immune responses to MAA could be used to predict future RA-related cardiovascular events warrants further investigation.
Several questions remain regarding the putative role of MAA in RA pathogenesis. The specific proteins or peptides targeted for MAA modification in RA are, at this point in time, unknown. MAA adducts are formed predominantly on epsilon amino lysine groups and also on select N-terminal amino groups (8), both of which are ubiquitous in human tissue. In alcoholic liver disease, MAA adduct formation stimulates the release of fibronectin and collagen (37) , also expressed in articular tissue. Whether MAA adduction specifically targets these peptides or the same peptides undergoing citrullination in RA, or whether these peptides might explain the colocalization of MAA and citrulline in RA synovium observed in this study is unknown and will require further investigation.
Targeted experiments examining the impact of MAA modification on the immunogenicity of citrullinated autoantigens, such as citrullinated forms of vimentin, fibrinogen, or enolase, will be of interest. Given the association of anti-MAA antibodies with increased expression of numerous antigen-specific ACPAs, our results suggest that multiple proteins may be involved. In addition to enhancing immunogenicity, exposure to MAA adducts has also been shown to be cytotoxic (38, 39) . It is unknown, however, whether immune responses to MAA are directly pathogenic or simply serve as a surrogate marker for its expression.
In addition to the observed associations with anti-CCP antibody positivity, anti-MAA antibody isotypes were detected in 29-88% of anti-CCP antibodynegative RA patients. These results are intriguing and suggest that anti-MAA antibodies could serve as an informative biomarker in seronegative RA. However, these observations must be interpreted with caution given the ubiquitous nature of MAA adduct formation in the context of inflammation and resulting oxidative stress. The potential use of anti-MAA antibodies as either a diagnostic or prognostic biomarker in seronegative RA will require additional studies with the inclusion of disease controls and long-term followup.
Although it would be ideal to directly measure circulating MAA adducts, prior investigations have demonstrated that serum levels of MAA-modified proteins are not readily detectable, most likely because of the high concentrations of circulating anti-MAA antibodies present, in addition to the rapid removal by the reticuloendothelial system (40) . There are additional limitations to this study. The RA synovium and serum samples available for this study came from patients with longstanding disease, precluding our ability to examine the possible role of MAA modification and anti-MAA antibody responses earlier in the disease process. Given the very limited number of synovial tissue samples examined, additional studies using a larger number of samples, including those from anti-CCP antibody-negative RA patients and patients with earlier disease, would be of interest.
These data add to a growing body of literature (1,2,4,35) detailing a paradigm of MAA adduction and immune sensitization that can be either functional (i.e., facilitating clearance) or dysfunctional, with MAAinduced dysfunction arising from impaired protein function, early cell death, or, as possible in the case of RA, the promotion of tolerance loss and autoimmunity. When injected into animals, MAA-adducted self proteins trigger robust immune responses even in the absence of adjuvant, with antibody development targeting not only the MAA adduct, but also the carrier protein and the protein carrier conjugate (7, 21) . Animal studies have demonstrated that the substrates of MAA adduction and MAA adducts are cleared by cells expressing various scavenger receptors (41) . Impaired expression or function of these receptors has been implicated in other disease states, leading to MAA adduct accumulation, recruitment and activation of other immune cells, and the increased expression of proinflammatory cytokines and endothelial adhesion molecules (41) . Whether these same pathways are also operative in the link between MAA formation and RA remains to be determined.
In summary, we have shown that MAA adduct formation is increased in RA synovial tissue and, importantly, these adducts colocalize with citrullinated antigen. In turn, MAA antibody responses are associated with ACPA expression independent of the multiple covariates examined. In light of these results, future investigations are warranted to identify the role that MAA adduct formation might play in the pathogenesis of RA and the promotion of tolerance loss leading to disease-specific autoantibody formation.
